A pleiotropic physiological response termed the "stringent response," which involves a rapid down regulation of rRNA biosynthesis and ribosome production, occurs when bacterial cells encounter nutritional stresses such as amino acid starvation (5) . Accompanying this response is the accumulation of ppGpp (guanosine 3Ј,5Ј-bispyrophosphate) and pppGpp (guanosine 3Ј-diphosphate,5Ј-triphosphate), collectively called (p)ppGpp (5) . (p)ppGpp is a global regulator that accumulates in response to a variety of nutritional and growth arrest stress conditions. The regulatory function is exerted mainly at the transcriptional level through binding to the RNA polymerase core enzyme (33) . (p)ppGpp nucleotides are synthesized by transfer of the pyrophosphate group from ATP to either GDP or GTP (5, 8) .
In Escherichia coli, the (p)ppGpp level is maintained by two proteins, RelA and SpoT (5, 8) , although most bacteria have only one RelA/SpoT protein. RelA is a (p)ppGpp synthetase and a well-established ribosome-associated protein (15, 40, 55) . The (p)ppGpp synthetase activity of RelA is activated by uncharged tRNA at the ribosome A site (19) and is partially dependent on the large ribosomal protein L11 (55, 58) . SpoT is a bifunctional enzyme that possesses both (p)ppGpp synthetase and hydrolase activity (ppGpp is hydrolyzed to 5Ј-GDP and PP i and pppGpp is hydrolyzed to 5Ј-GTP and PP i ) (21, 22, 27, 57) . The cellular localization of SpoT, however, is unclear. SpoT enzymatic activity was reported in ribosome-containing fractions but not with ribosomes washed with 0.5 M NH 4 Cl, suggesting that it associates weakly with ribosomes (20, 48) . Moreover, the hydrolase activity of SpoT is inhibited in the presence of uncharged tRNA and more severely inhibited in the presence of ribosomes (42) , suggesting that the activity of SpoT may be controlled by tRNA on the ribosome, as seen with RelA. SpoT was not, however, found associated with the ribosomal particles by sucrose density centrifugation (15) .
The E. coli GTPase CgtA (also called ObgE, YhbZ, or CgtA E ) is important for late 50S ribosome assembly (25, 43) . The Obg/CgtA proteins have also been implicated in a variety of other cellular processes including DNA replication, sporulation, morphological differentiation, and stress responses (3, 11, 13, 29, 39, 46, 53, 56) . The relationship between the role of Obg/CgtA proteins in ribosome assembly and these other functions is not well characterized.
Several lines of evidence suggest that Obg/CgtA proteins are related to cellular stress responses. First, in Bacillus subtilis, Obg cocrystallized with ppGpp (3). In vitro, higher concentrations of ppGpp inhibit the GTP hydrolysis activity of Obg, whereas lower concentrations of ppGpp stimulate hydrolysis (3) . Second, B. subtilis Obg interacts with several regulators (RsbT, RsbW, and RsbX) necessary for the stress activation of B , the global controller of the stress regulon in B. subtilis (46) . It has been shown that RelA is also important for B activation independent of (p)ppGpp synthesis, providing a functional relationship between Obg and RelA in B. subtilis. Third, the Saccharomyces cerevisiae Obg/CgtA protein Rbg1p interacts with Gir2p, which, in turn, interacts with Gcn1p, a protein participating in the stress response pathway in yeast (P. K. Wout and J. R. Maddock, unpublished data). Rbg1p, Gir2p, and Gcn1p all associate with translating polyribosomes (44; Wout and Maddock, unpublished), indicating that they may belong to the same complex on the polysomes. Fourth, the E. coli CgtA specifically interacts with SpoT (56). Yeast twohybrid studies demonstrated that CgtA interacts with both the N-terminal catalytic and the C-terminal regulatory (ACT) domain of SpoT (56) .
In this report we provide evidence that CgtA regulates the activity of SpoT on pre-50S particles. We describe the ribosome association of SpoT and a further examination of the physical and functional relationships among CgtA, SpoT, and the ribosome. We show that SpoT is also ribosome associated and that the positions of SpoT and CgtA in sucrose gradients overlap. Overexpression and loss-of-function studies show that the ribosome associations of SpoT and CgtA are mutually independent. Interestingly, CgtA is not associated with the ribosomes under conditions in which (p)ppGpp is vastly accumulated in the cell. In the steady state, the level of (p)ppGpp is increased in a cgtA mutant. In E. coli, the essential nature of CgtA is not entirely due to its control of SpoT. We propose that, on the pre-50S particle, CgtA regulates the hydrolysis activity of SpoT during steady-state growth. Moreover, we propose that the mechanism to prevent the regulation of SpoT by CgtA during stringent response involves the relocalization of CgtA.
MATERIALS AND METHODS
E. coli strains, culture conditions, and growth measurements. E. coli strains used in this study are described in Table 1 . The cgtAG80ED85N mutant (hereafter called the cgtA mutant) is lethal at 42°C, grows slowly at 30°C, and has been described previously (25, 28) . To create a markerless ⌬relA strain, JM4873 (BW25113 ⌬relA::kan) (1) was transformed with pCP20, (9) , screened for Kan s , and subsequently screened for the loss of pCP20, thus generating JM4962 (BW25113 ⌬relA). The ⌬spoT::cat deletion from strain CF1693 (22) was introduced into JM4962 by P1 transduction, resulting in JM4977. The deletion of spoT and relA in JM4977 was confirmed by PCR and by immunoblotting using antiSpoT and anti-RelA antibodies (generous gifts from James Hernandez). To create a repressible cgtA helper plasmid, full-length cgtA was PCR amplified and cloned into PstI/HindIII sites of pJM4867 (a lab derivative of pJN105 [38] with an expanded multiple cloning site [S. L. Bardy and J. R. Maddock, unpublished data]). pJM4867 was transformed into JM4977 to create JM4980. The ⌬cgtA::kan deletion from GN5002 (28) was introduced into JM4980 by P1 transduction, generating JM4981. The chromosomal deletion of cgtA in JM4981 was confirmed by PCR. JM3867 was created by transforming MG1655 with a plasmid containing cgtA under an arabinose-inducible promoter (28) .
For amino acid starvation and carbon starvation, polysome analysis, and (p) ppGpp analysis, cells were grown in MOPS (potassium morpholinopropanesulfonate) medium (37) supplemented with 0.1% glucose and 20 g/ml of all 20 amino acids, except in amino acid starvation conditions, when serine was omitted. For the amino acid starvation experiment, serine hydroxamate (SH) was added to the culture at a final concentration of 1 mg/ml at an optical density at 600 nm (OD 600 ) of 0.4 to 0.5 and cells were harvested 20 min after the addition. For carbon starvation, ␣-methylglucoside was added to a final concentration of 2.6% at an OD 600 of 0.4 to 0.5 and cells were incubated for a further 2 min before harvest. For the stationary-phase experiment, a saturated overnight culture was diluted 1:100 and cells were grown in EP medium (medium E with 0.5% glucose and 2% peptone) (24) for 24 h before harvest. For all other purposes, cells were grown in Luria-Bertani (LB) broth (10 g tryptone, 5 g yeast extract, 10 g NaCl per liter) or on LB agar plates (LB broth plus 1.5% agar). MG1655 and JM3867 were grown at 37°C whereas CF1693, JM3903, JM 3907, JM4977, and JM4981 were grown at 30°C. Culture growth was monitored by measuring the absorption at 600 nm. Antibiotics were used at the following concentrations: 100 g/ml ampicillin, 30 g/ml kanamycin, and 20 g/ml chloramphenicol. Preparation of cell lysates for ribosome profiles, polysome fractionation, and immunoblotting. Cell lysate preparations for polysome analysis, fractionation of the lysates, and the subsequent immunoblotting were performed as previously described (25) , except for the stationary-phase experiment in which 5 to 20% sucrose gradients [in 100 mM CH 3 COONH 4 , 15 mM (CH 3 COO) 2 Mg, 20 mM Tris-HCl, pH 7.6] were used to separate the 100S from the remainder of the ribosomal particles. For immunoblotting, the following antibody concentrations were used: anti-CgtA, 1:2,000; anti-SpoT (preabsorbed with acetone powder generated from CF1693, as described previously [10] ), 1:2,000; anti-S4, 1:4,000; anti-L3, 1:4,000; goat anti-rabbit immunoglobulin G-horseradish peroxidase (Pierce), 1:20,000.
(p)ppGpp measurements. Saturated cultures grown in the presence of 2 mM phosphate (K 2 HPO 4 ) were diluted at least 100-fold in MOPS medium containing 0.4 mM phosphate. [ 32 P]H 3 PO 4 was added to a final concentration of 100 Ci/ml when the OD 600 reached 0.05, and incubation was continued for a minimum of two generations before the first sample was taken (OD 600 of 0.2 to 0.25). At time zero, SH was added to a final concentration of 1 mg/ml to induce amino acid starvation. Samples were collected at indicated time points, and 100-l samples were mixed with an equal volume of 13 M formic acid and chilled on dry ice. The mixtures were then subjected to two rounds of freezing and thawing and centrifuged at 14,000 rpm for 2 min to remove debris. Supernatants were spotted onto 20-ϫ 20-cm polyethylenemine-cellulose plates (EMD Chemicals) and separated by thin-layer chromatography in 1.5 M KH 2 PO 4 (pH 3.4) for ϳ1 h. Following chromatography, labeled nucleotides were visualized by autoradiography and quantified with a Molecular Imager FX PhosphorImager and Quantity One software (Bio-Rad). Unlabeled ATP and GTP were spotted on the plates as markers and visualized after chromatography by UV light-induced fluorescence. The identities of the labeled (p)ppGpp were inferred from their positions in the chromatograph relative to the origin and GTP. (p)ppGpp levels are normalized to levels of GTP observed in the same sample.
RESULTS
SpoT is ribosome associated. Intrigued by the controversial results regarding the ribosome association of SpoT (15, 20, 48) , we decided to reinvestigate the localization of SpoT by using sucrose density centrifugation of ribosomal particles. Several experimental details were taken into consideration. First, it has been demonstrated previously that buffer conditions, especially salt conditions, are critical for the detection of weakly associated proteins, such as the GTPase CgtA, on ribosomal particles separated by sucrose gradients (28, 32, 56) . Different salt concentrations may influence protein-nucleic acid (e.g., rRNA) interactions and change the association pattern of certain proteins. Second, the nature of the lysis procedure is critical to obtaining clear immunoblot results. Using the common freeze-thaw method (28, 56) , significant smearing rather than sharp SpoT bands was often observed by immunoblotting (data not shown). By changing the lysis method to a glass bead-based method (25), we obtained much cleaner immuno- Fig. 1 ). Finally, we optimized the conditions for separating RelA and SpoT by sodium dodecyl sulfate-polyacrylamide gel electrophoresis and included control lysates (⌬relA ⌬spoT and ⌬relA) to verify the specific detection of SpoT and not RelA (SpoT and RelA share 31% sequence identity [35] ).
Here we show that SpoT is a bona fide ribosome-associated protein ( Fig. 1) . SpoT was seen predominantly in the fractions migrating slightly slower than the 50S fractions. This migration pattern of SpoT is similar to that of the helicases SrmB and CsdA or the pseudouridylases RluB and RluC, which predominantly bind to a ϳ40S particle (6, 7, 26) . The trailing of SpoT into earlier fractions (Fig. 1 ) may result from dissociation of SpoT from ribosomes during centrifugation and suggests a somewhat weak ribosome association. Very little free SpoT is found at the top of the gradient (Fig. 1) . Thus, the majority of SpoT, like RelA, is associated with ribosomes.
We have previously shown that SpoT and the GTPase CgtA physically interact and that CgtA associates with late 50S particles (56) and is required for 50S assembly (25) . We show here that the ribosome association of CgtA and that of SpoT overlap to a great extent, indicating that, in vivo, significant amounts of these two proteins associate with the same particles.
Ribosome association of CgtA and SpoT is mutually independent. Since CgtA and SpoT associate with pre-50S particles ( Fig. 1 ) and these two proteins physically interact (56), one possibility is that SpoT may be important for the association of CgtA with the ribosome, or vice versa. To examine whether SpoT affects the ribosome association of CgtA, the location of CgtA was determined in a ⌬relA ⌬spoT double mutant ( Fig.  2A) . The spoT gene is essential in the relA ϩ background due to the necessity to degrade (p)ppGpp that would otherwise accumulate in the absence of SpoT (p)ppGpp hydrolase activity. The spoT gene, however, is not essential in a ⌬relA background (57) . The ⌬relA ⌬spoT mutant displays a normal polysome profile ( Fig. 2A) , indicating that, although SpoT appears to bind to a pre-50S particle (Fig. 1) , SpoT is not required for ribosome assembly. In the ⌬relA ⌬spoT mutant, a significant amount of CgtA binds to the 50S particle, indicating that neither SpoT nor RelA is critical for the ribosome association of CgtA ( Fig. 2A) . Moreover, the ⌬relA ⌬spoT mutant is a (p) ppGpp 0 strain, lacking all detectable (p)ppGpp under any conditions (22, 57) , and therefore, (p)ppGpp is also not required for CgtA to associate with the ribosomes.
FIG. 1. SpoT associates with ribosomes in E. coli. Cell lysates from MG1655 were sedimented through 7 to 47% sucrose gradients, and the samples were monitored by UV at 254 nm. The subsequent fractions were analyzed by immunoblotting using anti-SpoT, anti-CgtA, or anti-L3, as indicated. The positions of the 30S and 50S subunits, the 70S monosome, and the polysomes are labeled. WT, MG1655 cell extract; ⌬, ⌬spoT ⌬relA cell extract; L, 1/100 of the total sample loaded onto the gradient.
FIG. 2. Ribosome association of SpoT and
CgtA is mutually independent. (A, C, and D) Cell lysates from CF1693 (⌬spoT::cat ⌬relA:: kan) (A), JM3867 (MG1655 plus P BAD -cgtA) with CgtA expression induced with 0.001% arabinose (C), and JM3907 (⌬cgtA::kan plus P cgtA -cgtAG80ED85N) (D) were sedimented through 7 to 47% sucrose gradients, and the subsequent fractions were subjected to immunoblotting using anti-CgtA and anti-SpoT antibodies, as indicated. The positions of the 30S and 50S subunits, the 70S monosome, and the polysomes are labeled. WT, MG1655 cell extract; ⌬, ⌬spoT ⌬relA cell extract; L, 1/100 of the total sample loaded onto the gradient. (B) Immunoblot showing the level of CgtA expression from JM3867 (MG1655 plus P BAD -cgtA) with various levels of arabinose, as indicated.
We next addressed the question of whether CgtA is a docking factor for SpoT. As cgtA is an essential gene, the association of SpoT with the ribosome cannot be directly assayed in a ⌬cgtA strain. Two other approaches were employed to answer this question. First, cgtA was expressed, from a P BAD promoter, to high levels by varying the concentrations of arabinose in the medium (Fig. 2B) . CgtA was vastly overexpressed, even in the presence of only 0.001% arabinose (Fig. 2B) , and overexpression of CgtA led to a considerable accumulation of free CgtA at the top of the gradient, as well as some CgtA migrating with translating 70S and polysomes (Fig. 2C) . Since CgtA and SpoT can interact directly, we asked whether SpoT would migrate with the free CgtA under these conditions. We found that the ribosome association of SpoT was similar to that seen in cells expressing native levels of CgtA (compare Fig. 1 and  2C ) and conclude that excess free CgtA does not sequester SpoT away from the pre-50S particle. One caveat to this conclusion is that it is possible that only ribosome-bound CgtA is capable of interacting with SpoT.
To further examine whether SpoT requires CgtA for its ribosome association, we examined the ribosome association of SpoT in a cgtA mutant strain (Fig. 2D) . We previously reported that this cgtA mutant accumulates a pre-50S particle and concluded that CgtA is required for late ribosome assembly (25) . In this mutant, the majority of the CgtA protein is found at the top of the gradient, indicating a defect in ribosome association of the mutant CgtA protein (Fig. 2D) . SpoT, however, remained associated with ribosomes (Fig. 2D) , although the distribution of SpoT was somewhat broader than that seen in gradients from wild-type extracts (Fig. 1) , perhaps due to the accumulation of pre-50S particles that accumulate in this mutant (25) . Taken together, we conclude that the ribosome associations of SpoT and CgtA are mutually independent.
Neither CgtA nor SpoT associates with 100S during stationary phase. We next examined the ribosome association of SpoT and CgtA in stationary-phase cells, a condition known to accumulate (p)ppGpp, which might be from altered SpoT activity (30) . During the transition from exponential growth to the stationary phase, the 70S ribosome is dimerized into 100S, which has no translational activity (54) . This conversion is directed by a protein called ribosome modulation factor, whose transcription is dependent on (p)ppGpp (24) , the level of which increases as cells enter stationary phase (30) . To assay CgtA and SpoT ribosome association in the presence of increased (p)ppGpp levels, stationary-phase wild-type cell lysates were fractionated by sucrose gradients and the ribosome associations of SpoT and CgtA were examined by immunoblotting. Neither SpoT nor CgtA displayed an association with the 100S ribosomal particles (Fig. 3) , consistent with the near absence of these two proteins on the 70S (Fig. 3 ) from which the 100S is derived. Interestingly, however, a partial loss of both proteins from the ribosome is seen and a significant amount of both proteins is found in the lightest fractions (Fig. 3) . The physiological basis for this change in location is unknown.
CgtA is not bound to the pre-50S particle during amino acid starvation. To further examine whether ribosome association influences the functions of CgtA and SpoT, their ribosome associations were examined under two conditions in which SpoT function is altered and (p)ppGpp rapidly accumulates. When cells are treated with SH, an inhibitor of seryl-tRNA synthetase, amino acid starvation is induced (49) . RelA is quickly activated by uncharged tRNA at the ribosome A site (19) , and at the same time, SpoT (p)ppGpp hydrolase activity is inhibited (36) , leading to the swift accumulation of high levels of (p)ppGpp. When the cells are grown in MOPS minimal medium, the ribosome association of the two proteins (Fig. 4A ) is similar to that seen in LB medium (Fig. 1) , indicating that the richness of the growth medium does not significantly affect the ribosome localization of either CgtA or SpoT. When cells are treated with SH, however, there is a dramatic alteration of the association pattern of CgtA and, to a lesser degree, SpoT (Fig. 4B) . The majority of the CgtA is found at the top of the gradient, and very little CgtA is detected associated with the 50S particle. The ribosome association of SpoT also changed, albeit not as dramatically as that of CgtA. Under these conditions, approximately half of the SpoT is associated with the pre-50S particles. In addition, a significant amount of SpoT migrates in fractions below the 30S subunit but not at the very top of the gradient, indicating that this SpoT is in a smaller complex. Although we do not know the nature of the complex, it does not appear to contain CgtA, as CgtA is predominantly found in the very early fractions.
(p)ppGpp levels also increase when cells are starved for carbon. In this case, the accumulation of (p)ppGpp is not as dramatic as that during amino acid starvation (36) and is believed to mainly result from the inhibition of the (p)ppGpp hydrolysis function of SpoT but not from the activation of its synthesis activity (16, 36) . We induced carbon starvation by the addition of ␣-methylglucoside, an inhibitor of glucose uptake, and harvested the cells at the time point when ppGpp is known to accumulate the most (18) . Under these conditions, we observed a modest alteration in the ribosome association of both CgtA and SpoT, consistent with a less dramatic response (Fig. 4C) . The steady-state level of (p)ppGpp is increased in a cgtA mutant. SpoT and CgtA interact (56) , but the functional significance of this interaction is unknown. Because CgtA is not associated with ribosomes under amino acid starvation, a condition in which the hydrolysis of SpoT is inhibited, we predicted that CgtA might, on the assembling 50S particle, promote (p)ppGpp hydrolysis by SpoT. If true, then the steadystate levels of (p)ppGpp should be elevated in the absence of CgtA. To determine whether this is the case, we directly assayed the (p)ppGpp levels in a cgtA mutant and its isogenic wild-type strain under steady-state and amino acid starvation conditions (Fig. 5) . Under normal growth conditions, the cellular (p)ppGpp level is relatively low in the wild-type strain but increases promptly upon SH treatment (Fig. 5A, lanes 1 and  2) . In the cgtA mutant, however, there is a noticeable increase in the steady-state level of (p)ppGpp compared to that of the isogenic control (Fig. 5A, lane 3 versus lane 1) . Moreover, the spots that represent PP i [the hydrolysis product of (p)ppGpp] are greatly reduced in the mutant (Fig. 5A) . Upon amino acid starvation, a quick accumulation of (p)ppGpp also occurs in the mutant, the level of which is comparable to that seen in the wild type (Fig. 5A, lanes 2 and 4) . These data indicate that although the steady-state levels of (p)ppGpp require functional CgtA, the rapid accumulation of (p)ppGpp during amino acid starvation does not. We verified that this was the case by quantifying the accumulation of (p)ppGpp levels in a time course study and showed that (i) the steady-state level of (p)ppGpp is consistently two-to threefold higher in the cgtA mutant and (ii) the accumulation of (p)ppGpp during amino acid starvation does not differ between the wild type and the mutant strains (Fig. 5B) . Thus, CgtA is important for maintaining the steady-state levels of (p)ppGpp but not for accumulation of (p)ppGpp during the stringent response.
cgtA is an essential gene in a relA spoT mutant background. spoT is an essential gene because it is required to hydrolyze (p) ppGpp that would otherwise accumulate in its absence. Since we propose that CgtA is involved in promoting the (p)ppGpp hydrolysis of SpoT, one possibility is that the essential nature of CgtA is through its control of SpoT. If true, a relA spoT cgtA triple mutant would be viable. To test this, we generated a ⌬relA ⌬spoT::cat cgtA::kan triple mutant harboring a plasmid expressing cgtA from the inducible/repressible P BAD promoter (P BAD -cgtA). Growth of cgtA::kan mutants is complemented by the P BAD -cgtA plasmid in the presence of arabinose, but cells grow very slowly on plates without arabinose (Fig. 6) . The slow growth is likely due to the leaky expression from this promoter in the absence of arabinose. A ⌬relA ⌬spoT::cat mutant grows well independently of arabinose. In contrast, the ⌬relA ⌬spoT:: cat cgtA::kan triple mutant harboring P BAD -cgtA grows very slowly on plates without arabinose, comparably to the cgtA:: kan mutant plus P BAD -cgtA (Fig. 6) . We conclude that, in E. coli, cgtA is essential even in the absence of spoT and relA.
DISCUSSION
We demonstrate that SpoT is associated with the pre-50S ribosomal particle (Fig. 1) . This observation is entirely consistent with earlier studies that showed that the (p)ppGpp hydrolase activity of SpoT cofractionates with ribosome and is inhibited by uncharged tRNA (20, 42, 48) . Moreover, we had previously shown that SpoT copurified with the pre-50S-associated protein, CgtA (56) , also suggesting that SpoT is ribosome associated. It is likely that previous attempts to detect a direct association of SpoT with ribosomes failed due to less- FIG. 4 . Ribosome association of CgtA and SpoT under amino acid and carbon starvation conditions. Cell lysates from E. coli MG1655 cells grown in MOPS minimal medium (A), MOPS medium treated with SH (1 mg/ml) for 20 min before harvest (B), and MOPS medium treated with ␣-methylglucoside (2.6%) for 2 min before harvest (C) were fractionated over 7 to 47% sucrose gradients. The subsequent fractions were analyzed by immunoblotting with anti-SpoT or antiCgtA (1/2,000), as indicated. The positions of the 30S, 50S, and 70S particles and the polysomes are labeled. WT, MG1655 cell extract; ⌬, ⌬spoT ⌬relA cell extract; L, 1/100 of the total sample loaded onto the gradients.
than-optimal conditions used (15), a problem that was also seen for the CgtA protein (28) .
SpoT migrates on sucrose gradients over a number of pre-50S fractions, peaking at a ϳ40S position. A similar migration profile is seen with other pre-50S-associated proteins such as the pseudouridine synthetases RluB and RluC (26) and the helicases CsdA (6) and SrmB (7) . SpoT also copurified with these proteins in a large-scale affinity purification project (4), further supporting that these proteins are on the same pre-50S intermediate particles.
In contrast to exponentially growing cells in which a significant amount of CgtA associates with a pre-50S particle, during amino acid starvation, CgtA is not associated with ribosomes. We envision two possible mechanisms by which amino acid starvation could result in a loss of CgtA from the pre-50S particle: either (i) free CgtA does not bind to the ribosomal particles under these conditions or (ii) ribosome-bound CgtA dissociates from the ribosome. We suggest that both of these mechanisms may be responsible for the change in ribosome association of CgtA during amino acid starvation. First, CgtA is involved in late ribosome assembly and is not significantly associated with translating ribosomes (25) and therefore dissociates from the 50S prior to generation of the 70S particle. Thus, CgtA is normally cycling on and off of the ribosomal particle. Since CgtA proteins have modest affinity for guanine nucleotides and rapid guanine nucleotide exchange rates (31, 56) , it was proposed that their guanine nucleotide occupancy would be determined by the relative levels of GTP/GDP in the cell (31, 39) . In vitro, the GTP-bound CgtA but not the GDPbound form has a higher affinity for ribosomes (25) and rRNA (43) . During amino acid starvation there is a 40% drop in the GTP pool (14) . Thus, under these conditions, the cellular balance of GTP/GDP is altered and may result in more free GDP-bound CgtA. Second, CgtA may be lost from ribosomes due to the accumulation of (p)ppGpp. The B. subtilis Obg protein was crystallized as an asymmetric unit with one monomer in its apo state and the other bound to ppGpp (3). In vitro, low levels of ppGpp accelerate the hydrolysis of GTP by the B. subtilis Obg (3). Thus, the increase in (p)ppGpp that accompanies amino acid starvation may also result in an increase in GTP hydrolysis and therefore an increase in GDP-bound CgtA. Alternatively, it could be that (p)ppGpp-bound CgtA is not ribosome associated independently of GTP hydrolysis. We demonstrate that CgtA is required for maintaining the proper level of (p)ppGpp in the cell. In the cgtA mutant, the :kan plus P cgtA -cgtA) and JM3907 (⌬cgtA::kan plus P cgtA -cgtAG80ED85N) cells were grown at 30°C in low-phosphate medium and uniformly 32 P i labeled (100 Ci/ml) before being treated with SH (1 mg/ml). Samples were taken immediately before the addition and at 10-min intervals thereafter, as indicated. The formic acid-extracted nucleotides were resolved by one-dimensional thin-layer chromatography on polyethyleneimine-cellulose sheets, autoradiographed, and quantified with a phosphorimager. Unlabeled ATP and GTP were spotted on the plates as markers. FIG. 6. A cgtA relA spoT triple mutant is not viable. GN5002 (⌬cgtA::kan plus P BAD -cgtA), JM4977 (⌬relA ⌬spoT::cat), and JM4981 (⌬relA ⌬spoT::cat cgtA::kan plus P BAD -cgtA) were streaked on LB plates containing chloramphenicol (Cm) with or without 0.1% arabinose (Ara) at 30°C, as indicated.
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CgtA CONTROLS RIBOSOME-ASSOCIATED SpoT 6145 steady-state levels of (p)ppGpp are elevated by three-to fourfold (Fig. 5 ). The steady-state level of (p)ppGpp in exponentially growing cells depends on the balance of SpoT-dependent (p)ppGpp synthesis and (p)ppGpp hydrolysis (5) . An increase in the levels of (p)ppGpp, therefore, could be due to an increase in the (p)ppGpp synthesis or a decrease in the (p) ppGpp hydrolysis rates of SpoT. Thus, there are two mechanisms by which CgtA could control SpoT function, either by promoting (p)ppGpp hydrolysis or by inhibiting (p)ppGpp synthesis. CgtA is not, however, required for the high levels of (p) ppGpp that accumulate during amino acid starvation (Fig. 5B) . During amino acid starvation, the accumulation of (p)ppGpp is regulated predominantly by the level of (p)ppGpp degradation (36) . Moreover, the rate of (p)ppGpp degradation abruptly decreases, indicating that the mechanism for controlling degradation works relatively rapidly (36) . Consistently, a decrease in (p)ppGpp hydrolysis seen during amino acid starvation is independent of protein synthesis (36) , indicating that neither the translating ribosome nor the newly synthesized protein is involved in controlling SpoT hydrolase activity. We show that during amino acid starvation, CgtA does not colocalize with SpoT and, therefore, under these conditions is not involved in controlling SpoT. We suggest that it is the loss of CgtA from the assembling pre-50S particle (and, therefore, also a lack of interaction between SpoT and CgtA) that is responsible for the rapid inhibition of SpoT (p)ppGpp hydrolysis. It is of interest that the pre-50S intermediates to which CgtA and SpoT predominantly bind are not identical. There are, however, a subset of intermediates to which both proteins bind, indicated by their overlapping migration on sucrose gradients. Their colocalization was also confirmed by the copurification of both CsdA and SpoT with affinity-purified CgtA (56) . A long-standing question has been how the cells maintain two populations of SpoT protein, those that synthesize (p)ppGpp and those that degrade (p)ppGpp. According to the structural analysis, SpoT/RelA protein exists in either a (p)ppGpp-hydrolase-OFF/(p)ppGpp-synthetase-ON or a hydrolase-ON/ synthetase-OFF state (23) . One possibility is that the different active states of SpoT may reflect whether SpoT is on the same assembling 50S particles as CgtA or not. If that is true, we predict that the form of SpoT on the 40S particles would be that of a (p)ppGpp synthetase and the form on particles with CgtA would be a (p)ppGpp hydrolase. In this manner, CgtA would control only a subset of SpoT proteins in the cell at any given time.
While CgtA is required for late assembly of the 50S subunit (25, 43), SpoT does not seem to play a role in the assembly process as judged by the normal polysome profile of the relA spoT double mutant ( Fig. 2A) . We have recently identified a number of additional ribosome-associated proteins that, like SpoT, are also not critical for ribosome assembly (26) . One possibility is that association with the maturing ribosomal particle allows for coupling ribosome assembly with the protein activity. Doing so would allow for a coordination between critical cellular functions with ribosome assembly, as previously proposed (52) .
We have shown that CgtA has two distinct cellular functions and is required for the last stages of 50S assembly (25) and in the control of SpoT (this study). We predicted that the essential nature of cgtA would not be due to its role in ribosome assembly, as the majority of the assembly factors are not essential. We show here, however, that cgtA is essential in mutants also lacking spoT and relA. Thus, the essential function of the E. coli CgtA protein remains unknown.
A role for CgtA in controlling cellular (p)ppGpp levels may explain some of the many pleiotropic phenotypes that have been assigned to CgtA. We suggest that at least some of the cgtA mutant phenotypes are due to indirect consequences of altering (p)ppGpp levels. For instance, it was recently reported that CgtA promotes replication fork stability (13) . These studies focused on two types of cgtA mutations, CgtAP168V and a Tn insertion that resulted in loss of the C-terminal 9 amino acids and addition of 68 amino acids (13) . We have shown that the Caulobacter crescentus CgtAP168V mutant protein does not have a defect in GTP hydrolysis but does have a reduced affinity for GDP and therefore, in vivo, may be predominantly bound to GTP (11) . If that is also true in E. coli, the GTPbound CgtAP168V may result in increased (p)ppGpp hydrolysis by SpoT and, therefore, result in lower levels of (p)ppGpp in the cells. A role for (p)ppGpp levels in controlling replication fork progression has been previously reported (34, 50) . It has also been proposed by several groups that CgtA controls the initiation of replication initiation (12, 13, 51) . The initiation of DNA replication, however, is under stringent control (45, 59) , and therefore, the role of CgtA may be indirect. Support for this premise comes from a recent report showing that the growth of the cgtAG80ED85N mutant was partially suppressed by ectopic expression of dnaA (47) . Clearly a reinvestigation of the phenotypes associated with cgtA mutants in the context of (p)ppGpp levels is warranted.
Since the submission of the manuscript, Raskin, Judson, and Mekalanos (41) have published a very nice paper verifying, in Vibrio cholerae, many of the findings that we report here for E. coli. Taking a very different approach, they posit that CgtA is involved in control of SpoT and show that depletion of V. cholerae CgtA results in an increase in ppGpp levels. In contrast to our findings in E. coli, however, they show that in V. cholerae CgtA is not essential in the absence of RelA. Clearly, further studies are necessary to sort out the differences in the essential nature of this conserved GTPase.
